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Abstract
We present a simple covariant constituent diquark-quark model for the nu-
cleon. The nucleon is assumed to be composed of a scalar diquark and a
quark which interact via a quark exchange. Starting from the Bethe-Salpeter
equation, the instantaneous approximation leads to a diquark-quark Salpeter
equation. In the Mandelstam formalism, the electromagnetic form factors of





A remarkable description of the experimental data is obtained. Especially,
the model gives nearly the right values for the proton and (negative) neutron
charge radii, and a qualitative description of the magnetic form factors.




The possible existence of diquarks within the nucleon has been discussed for a long
time. Undoubtly, there is much experimental evidence for diquarks or diquark correla-
tions/clustering. For a review on that subject see e.g. [1{3]. One main argument for di-
quarks is the possible explanation of the negative neutron mean square charge radius [2],
which cannot be explained in a pure SU(6) quark model.
On the other hand, of course, the analytical and numerical treatment of a two-body system
is much less complicated than a three-body calculation. This is especially the case if one
treats the problem relativistically using a Faddeev-type equation. In the last years, using
the notion of diquarks, much progress has been done in this eld. Especially, the description
of baryons in the framework of the Nambu{Jona-Lasinio model [4{7] has been successful.
There, two quarks within the baryon are treated as diquark states analogous to mesons
(both are 3 in colour space). The interaction with the third quark then is modelled by a
quark exchange. Lichtenberg [8] proposed this short-range interaction long ago to split the




) ground state in a quark model of a SU(6) 21-plet
diquark and a 6-plet quark. If one assumes a diquark clustering in the nucleon, it is very
natural to assume such an interaction. In that case, none of the identical quarks is distin-
guished although we have diquark correlation. In [9{11] masses and diquark form factors are
calculated within the NJL model. Cahill et al. [12] have calculated the masses of scalar and
axial-vector diquarks by using an approximate form of the Bethe-Salpeter equation for qq
bound states. Most of the above references conclude a probable dominant role of the scalar
diquark compared to the axial-vector one. The parameters used in the above literature will
serve us as a guideline.
Any relativistic model of the nucleon should of course reproduce correctly the electro-
magnetic form factors of the nucleon for non-zero momentum transfers. Meyer [13] solves
numerically the BS equation for quark-diquark bound states with a quark exchange potential
without, however, calculating any dynamical observables. Kroll et al. [14,15] successfully
calculate form factors of the nucleon in a diquark model using light-cone distribution am-
plitudes. Of course, their model is applicable only at higher momentum transfers.
In our framework, form factors can be calculated in a straightforward way once the
(covariant) amplitudes are known. We present a relativistic constituent quark model of the
nucleon where the nucleon is assumed to be a bound state of a scalar diquark and a quark.
Following the motivation given above, the interaction between the two particles is modelled
by the exchange of a quark. Since we are only interested in the (ground state) nucleons, we do
not incorporate a phenomenological connement potential. We just want to show, that, by
using only a (short-range) quark exchange potential, it is possible to describe the form factors
with physically acceptable parameters. The fundamental equation is the Bethe-Salpeter
equation for a bound state of a scalar particle and a fermion. Assuming an instantaneous
interaction kernel we derive a Salpeter-type equation. This can be cast in a Schrodinger-type
1
equation. This eigenvalue equation is solved numerically by standard techniques. The formal
covariance of the Salpeter equation and the Salpeter amplitudes is discussed extensively in
[16]. We then use a straightforward method to calculate the electromagnetic currents in the
Mandelstam formalism, analogous to [16] where meson form factors are computed. Since
form factors are directly related to wave functions, the calculation of them is a crucial test
for any model.
This paper is structured as follows. In Sect.II we derive the Salpeter equation for a
bound state of a scalar diquark and a quark, including the normalization of the amplitudes.
The assumed interaction between diquark and quark is outlined in Sect.II B. In Sect.II C the
procedure solving the Salpeter equation is explained. The computation of the electromag-
netic current and of the resulting form factors of the nucleon is discussed in Sect.III. The
results for the form factors are presented in Sect.IV and compared to experimental data.
Finally, in Sect.V, a summary is given, and an outlook to an extension of the model and to
possible applications.
II. THE MODEL
A. The Bethe-Salpeter equation
A relativistic bound state of a scalar particle and a fermion with four momentum P is











) j P i : (1)
In momentum space, 
P















































+i) the usual Feynman propagators
for a scalar particle and a quark, respectively, and  iK the irreducible interaction kernel.
The masses in the above propagators are constituent masses of the order of a few hundred

























= 1 : (3)
The normalization condition is obtained as usual by considering the pole contribution of the




























































































































) + iK(P; p; p
0
) : (7)




































Following Salpeter [19] we neglect the time (i.e. energy) dependence of the interaction
kernel by assuming K(P; p; p
0
) = V (~p; ~p
0
) (instantaneous interaction) in the rest frame of
the bound state. Then, one can easily perform the p
0
integration: Dene in the c.m. frame




























































the usual Dirac projectors. H(~p) = 
0







































= (T + V)	(~p) : (12)
3
This is the fundamental equation of our model. H
2
(~p) is again the Dirac-Hamiltonian of
the quark. If 	 were a free Dirac spinor, 	(~p) = u(~p), the kinetic energy term in Eq.12 is




. In a similar way, one

















































(~p) = 2M : (14)




. So apart from the factor 2!
1
, we obtain the usual
normalization of Dirac spinors. In particular, the functions 	 solving Eq.12 have non-
negative norm for M > 0. We thus dene a scalar product as follows (compare [20] in the
case of two fermions):











 (~p) : (15)
In order to obtain a pseudo-Hamiltonian H which is hermitian with respect to the above
scalar product, the kernel W (~p; ~p
0



















In general, taking into account also anti-particle states, the solutions of Eq.12 come in pairs.
This can be seen as follows. Under charge conjugation, the (Bethe-)Salpeter amplitudes











































we denote the quantum numbers of the diquark and








































































B. The interaction kernel
The interaction between the scalar diquark and the quark is assumed to be a quark



































































quark). In the instantaneous approximation we neglect the p
0
dependence of the quark
propagator. g
dqq
is a dimensionless diquark-quark coupling constant. Obviously, V (~p; ~p
0
)










and Eq.18 holds for the above W (~p; ~p
0





C. Solving the instantaneous diquark-quark equation
Since nucleons have positive parity and spin
1
2
we choose as basis in Dirac space the


















































. This ansatz neglects a relative angular
momentum between the quark and the diquark. Both states are multiplied by inde-























).  is the oscillator parameter. Eq.12 is then
diagonalized. The lowest positive eigenvalue is interpreted as the nucleon mass. It is ob-
tained according to the Ritz variational principle by choosing the oscillator parameter  in
the minimum of the curveM(), see Fig.3. The coupling g
dqq
is determined by the condition
5
M = 939 MeV/c
2
. We observe that for a pointlike coupling of the two quarks to the diquark,
there is no stable solution. Only if one introduces a diquark form factor the minimum of
the M() curve converges with increasing basis states, see Fig.3. We choose a form factor
of the following form:





and put  = 0:18 fm, see Sect.IV, where we study the dependence of our results on .
III. ELECTROMAGNETIC FORM FACTORS OF THE NUCLEON
In this section we calculate the electromagnetic form factors of the nucleon in the Man-
delstam formalism [21,22]. In this framework, any current matrix elements between bound
states can be calculated in a covariant way [16]. In our model, the electromagnetic current
coupling to the nucleon is simply the sum of the diquark- and quark current, see Fig.2. For























































































































































+ p) : (29)




















































































+ p   q) ; (30)
6
where we assumed a coupling of the photon to a pointlike scalar particle. Since the vertex
functions  (~p) are only known in the nucleon rest frame (Eq.27), the vertex function of the
outgoing nucleon has to be boosted according to the value of q
2
, see Eq.A1. This covariant

























) a regular function. The six poles arise from the denominators of the three
propagators. The integral can be split in a residue part and a principal value integral. To
obtain a hermitian current the latter should vanish. The 
p






have the same 
p
. The numerical treatment is further simplied by expanding






















sums over the radial basis states.





















































































































being independent form factors. At q
2































= 1 ; (35)
which thus serves as a check of the numerical evaluation of the currents at zero momentum










































The direction of the (outgoing) photon momentum is chosen parallel to the z-axis, and the






can be calculated by solving the
7











). Of course, the continuity equation has to be





















j Ps i = ( 1)
1 s s
0

















where the transformation properties of Eqs.29,30 under time reversal and parity transfor-
mation (App.A) have been used. Indeed, we nd that the current is conserved numerically
for any momentum transfers.
IV. RESULTS AND DISCUSSION
The parameter values used in our model are given in Tab.I. The parameter inuencing
the shape of the form factors mostly is the diquark parameter  (Eq.24). After determining
the other parameters,  is chosen to give a best quantitative description of the proton electric
form factor. The obtained value is in agreement with the commonly used diquark size in
the range 0:1   0:3 fm [1,15,3]. The quark and diquark masses are free parameters: the
constituent quark mass is chosen to be in a range adopted by most quark models, see e.g.
[24]. The spectator diquark mass is a little less than the sum of two quarks [1,9,4]. These
mass values agree with a binding energy of the nucleon proposed by the work of Ishii et al. [4]
of 50 to 150 MeV. Thus, the nucleon appears as a loosely bound state of quarks. As outlined
in Sect.II C, the oscillator parameter is given by the minimum of the M() curve, and the
coupling g
dqq
is adjusted by tting the minimum to the nucleon mass of 939 MeV. Note that
the so obtained oscillator parameter  = 1:15 fm coincides roughly with the assumed radius
of the nucleon of about 1 fm [24]. Our calculation contains 6 radial basis functions, which
is a sucient approximation to the solution of Eq.12. The convergence of the solution is
depicted in Fig.3.
The calculated electric form factor of the proton G
p
E
as a function of the negative photon
momentum squared is shown in Fig.4. For  = 0:18 fm we nd a very good agreement with
the experimental data (taken from [25]). Even for q
2
as high as -3 GeV
2
the calculation ts






































= 0:88 fm ; (39)
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= (0:862  0:012) fm [26]. The electric neutron
form factor is compared to experiment [27,28] in Fig.5. We obtain a rather good description















form factors of the proton and the neutron are shown in Fig.6. Our results are a factor of
about 2 too small. However, the calculation matches the experimental data qualitatively.
The shape of the curves is correct, and we obtain the right signs. Of course, since G
M
is
connected with the spin current, eects of the vector component of a two-quark subsystem
should be important. Having neglected it, it is even more surprising to nd such a good
correspondance. Looking at G
M






=  0:5 ; (41)
compared to the experimental value  0:685. Of course, the above ratio arises from the
dierent charges of the single quark in the nucleons; the scalar diquark does not contribute





is one of the successes of
the SU(6) quark model. Thus, it would be interesting to study the eects of an additional
axial-vector diquark component. It should be noted that the neutron form factors are related

















Thus, a description of the neutron form factors is most sensible to the wave function.
In Fig.7 we present the electric form factor of the proton for three dierent diquark
extensions . The qualitative structure of the curve remains. Fig.8 shows the variation of
the electric form factor for three dierent values of the diquark mass, with constant  = 0:18
fm. Obviously, the variation is small. However, we nd that the diquark mass should not
be smaller than about 620 MeV: for m
d
= 600 MeV the oscillator parameter is  = 1:5 fm,
and rises sharply with decreasing m
d
.
V. SUMMARY AND OUTLOOK
We developed a simple, fully relativistic quark-diquark model of the nucleon. In a rst
step, only scalar diquarks are taken into account. Neglecting retardation eects of the
interaction kernel, a Salpeter equation for a bound state of a constituent quark and a scalar
particle is obtained. We assume a quark exchange as the only interaction. The electric
9
and magnetic form factors of the nucleon are then calculated in a straightforward way
using the Mandelstam formalism. With four parameters (constituent quark and diquark
masses, diquark extension , diquark-quark coupling g
dqq
, see Tab.I), we obtain a very good




. The neutron electric form
factor is reproduced almost quantitatively. The magnetic form factors are in qualitative
agreement with experiment.
Obviously, a relativistic treatment is extremely important to describe observables of the
nucleon in the medium energy range. Furthermore, the assumption of a diquark structure
of the nucleon seems to be not out of place.
Of course, it would be interesting to study the eects of eventual axial-vector diquarks.
Especially for the magnetic form factors they should be important. - The model will be
extended to baryons with strangeness. Then, various electromagnetic processes may be
studied. An example is the photoproduction of kaons. The contributing amplitudes can
be calculated in the framework of the Mandelstam formalism, and a direct coupling of the
photon to the internal quark- and diquark lines is assumed (see [30]).
Acknowledgements: I am grateful to H.R. Petry, B.C. Metsch and especially to C.R.







































FIG. 2. The electromagnetic current is the sum of the diquark current and the quark current
(Eqs. 25,30)














FIG. 3. The lowest positive eigenvalue of H (Eq.12) as a function of the oscillator parameter
 for dierent numbers of basis functions (1 to 6 from top to bottom)
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); experimental data are taken from [25]






























) of the proton (upper curve) and of the neutron









λ = 0.1 fm
λ = 0.18 fm
λ = 0.3 fm














md = 700 MeV
md = 650 MeV
md = 625 MeV





) for three dierent values of the diquark
mass
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APPENDIX A: TRANSFORMATION PROPERTIES
Under a Lorentz transformation , the Bethe-Salpeter amplitude for a bound state of a





























































































[1] M. Anselmino, E. Predazzi, S. Ekelin, S. Fredriksson, D.B. Lichtenberg, Rev.Mod.Phys.,
Vol. 65, No.4, 1189 (1993)
[2] Z. Dziembowski, W.J. Metzger, R.T. Van de Walle, Z.Phys. C 10, 231 (1981)
[3] S. Fredriksson in: M. Anselmino, E. Predazzi (eds.), Workshop on Diquarks, World
Scientic, Singapore (1989)
[4] N. Ishii, W. Bentz, K. Yazaki, Phys.Lett. B 301, 165 (1993)
N. Ishii, W. Bentz, K. Yazaki, Phys.Lett. B 318, 26 (1993)
[5] S. Huang, J, Tjon, Phys.Rev. C 49, 1702 (1994)
[6] A. Buck, R. Alkofer, H. Reinhardt, Phys.Lett. B 286, 29 (1992)
[7] C. Hanhart, S. Krewald, Phys.Lett. B 344, 55 (1995)
[8] D.B. Lichtenberg, Phys.Rev. 178, 2197 (1969)
see also: G.R. Goldstein, J. Maharana, Il Nuovo Cim. 59 A, Vol. 4, 393 (1980)
[9] U. Vogl, Z.Phys. A 337, 191 (1990)
[10] C. Weiss, A. Buck, R. Alkofer, H. Reinhardt, Phys.Lett. B 312, 6 (1993)
[11] G. Hellstern, C. Weiss, Phys.Lett. B 351, 64 (1995)
[12] R.T. Cahill, C.D. Roberts, J. Praschifka, Phys.Rev. D 36, 2804 (1987)
[13] H. Meyer, Phys.Lett. B 337, 37 (1994)
[14] P. Kroll, M. Schurmann, W. Schweiger, Z.Phys. A 338, 339 (1991)
[15] M. Anselmino, P. Kroll, B. Pire, Z.Phys. C 36, 89 (1987)
[16] C.R. Munz, J. Resag, B.C. Metsch, H.R. Petry, Phys.Rev. C 52, Vol.4 (Oct. 1995)
[17] E.E. Salpeter, H.A. Bethe, Phys.Rev. 84, 132 (1951)
[18] N. Nakanishi, Suppl.Theor.Phys., Suppl. No.95, 1 (1988)
[19] E.E. Salpeter, Phys.Rev. 87, 328 (1952)
[20] J. Resag, C.R. Munz, B.C. Metsch, H.R. Petry, Nucl.Phys. A 578, 397 (1994)
[21] S. Mandelstam, Proc.Roy.Soc. 233, 248 (1955)
[22] D. Lurie, Particles and Fields, Wiley-Interscience, New York (1968)
[23] J.D. Bjorken, S.D. Drell, Relativistic Quantum Mechanics, McGraw-Hill, New York
(1964)
16
[24] W. Weise in: W. Weise (ed.), Quarks and Nuclei, World Scientic, Singapore (1984)
[25] G. Hohler et al., Nucl.Phys. B 114, 505 (1976)
[26] G.G. Simon, C. Schmitt, V.H. Walther, Nucl.Phys. A 333, 381 (1980)
[27] K.M. Hanson et al., Phys.Rev. D 8, 753 (1973)
[28] W. Bartel et al., Nucl.Phys. B 58, 429 (1973)
[29] C. Itzykson, J.-B. Zuber, Quantum Field Theory, McGraw-Hill, New York (1980)
[30] V. Keiner, Z.Phys. A 352, 215 (1995)
17
